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Two new t e c h n i q u e s  are p resen ted  f o r  r educ ing  t h e  number of d e p t h  

c a l c u l a t i o n s  i n  h idden  s u r f a c e  e l i m i n a t i o n .  Two new a l g o r i t h m s  u s i n g  t h e  

t e c h n i q u e s  are compared w i t h  t h r e e  e x i s t i n g  a l g o r i t h m s  and i t  is  shown by 

examples t h a t  t h e  new t echn iques  r e d u c e  t h e  number of m u l t i p l i c a t i o n s  

i n v o l v e d  i n  t h e  d e p t h  c a l c u l a t i o n s .  A t e c h n i q u e  f o r  i n c r e a s i n g  t h e  

p a r a l l e l i s m  of o p e r a t i o n s  is  a l s o  p re sen ted .  T h i s  a l l o w s  t h e  c a l c u l a t i o n  t o  

b e  done more r a p i d l y  i n  hardware and i s  p a r t i c u l a r l y  u s e f u l  f o r  g e n e r a t i n g  

l i n e  drawings r a t h e r  t han  t h e  u s u a l  TV raster scan images i n  t h e  common 

r a s t e r - s c a n  h idden  s u r f a c e  a lgo r i thms .  
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I. INTRODUCTION. 

Many a l g o r i t h m s  f o r  h idden  s u r f a c e  e l i m i n a t i o n  u s e  a form of raster s c a n  

i n  which t h e  s c e n e  is  scanned by a sequence of  h o r i z o n t a l  p l a n e s  i n  o r d e r  t o  

g e n e r a t e  t h e  p r o j e c t i o n  of t h e  i n f o r m a t i o n  i n  each p l a n e  o n t o  t h e  

co r re spond ing  s c a n  l i n e  as shown i n  FIGURE 1 .  The advan tage  of t h i s  scheme 

i s  t h a t  i t  a l l o w s  f o r  f a s t  s o r t i n g  t e c h n i q u e s  t o  be  used t o  p r e p r o c e s s  t h e  

i n f o r m a t i o n  i n t o  t h e  o r d e r  i n  which i t  w i l l  be  needed i n  t h e  d i s p l a y  

c omp u t  a t  i o n s  . 

I n  a l l  of t h e  schemes t o  be  d i scussed  t h e  s c e n e  i s  composed of a number 

of p l a n e  convex polygons i n  three dimensions.  The two new t e c h n i q u e s  

d e s c r i b e d  assume t h a t  t h e s e  polygons are n o n - i n t e r s e c t i n g ,  a l t h o u g h  b o t h  

c o u l d  be  mod i f i ed  t o  compute i n t e r s e c t i o n s .  A l l  of t h e  t e c h n i q u e s  d i s c u s s e d  

s o r t  t h e  v e r t i c e s  i n i t i a l l y  i n t o  a scend ing  o r d e r  on t h e i r  Y c o o r d i n a t e s .  

T h i s  means t h a t  as s u c c e s s i v e  planes are p r o c e s s e d  i n  i n c r e a s i n g  Y o r d e r ,  

t h e  new polygon edges  t h a t  i n t e r s e c t  t h e  c u r r e n t  s c a n  p l a n e  are t h e  edges  

i n c i d e n t  on t h e  nex t  v e r t i c e s  i n  t h e  o r d e r e d  v e r t e x  l i s t .  Within each s c a n  

p l a n e  t h e  a l g o r i t h m s  keep t r a c k  of t h e  X c o o r d i n a t e s  of each polygon edge 

t h a t  i n t e r s e c t s  t h e  p l a n e  and keep t h i s  l i s t  of a c t i v e  edges  i n  a s c e n d i n g  

o r d e r  of X c o o r d i n a t e .  It  is t h e n  p o s s i b l e  t o  s c a n  a c r o s s  from l e f t  t o  

r i g h t  ( i n c r e a s i n g  X v a l u e )  and determine t h e  d e p t h  of each polygon, and 

hence de te rmine  which is i n  f r q n t .  Most a l g o r i t h m s  t h e n  e x p l o i t  t h e  

p r o p e r t y  of s c a n  l i n e  coherence which i s  t h e  p r o p e r t y  t h a t  t h e  r e l a t i v e  

d e p t h s  of polygons do no t  normally change from one s c a n  l i n e  t o  t h e  n e x t ,  

and t h a t ,  f u r t h e r m o r e ,  t h e  o r d e r i n g  i n  t h e  . r c t i v e  edge l i s t  does n o t  change 

much from one s c a n  p l a n e  t o  the  nex t .  Indeed ,  i f  i t  is assumed t h a t  

polygons cannot i n t e r s e c t ,  t h e n  the r e l a t i v e  d e p t h s  cannot  change, and t h e  
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on ly  t i m e s  when i t  is n e c e s s a r y  t o  perform new d e p t h  c a l c u l a t i o n s  are when 

t h e  o r d e r  i n  t h e  l ist  of act ive edges  changes.  T h i s  n o n - i n t e r s e c t i n g  

polygon assumption i s  r e a s o n a b l e  i n  many environments .  Fo r  example, t h e  

polygons might  r e p r e s e n t  t h e  s u r f a c e  of a s o l i d  body, such as a n  a i r c r a f t .  

S i n c e  two s o l i d  b o d i e s  cannot  b o t h  occupy t h e  same s p a c e ,  polygons on t h e i r  

s u r f a c e s  cou ld  n o t  i n t e r s e c t ,  a l though they  might s h a r e  s i d e s  i n  common. 

The two new t e c h n i q u e s  in t roduced  below u s e  t h e  f o l l o w i n g  i d e a s :  

1. I n  each  s c a n  l i n e ,  a r e c u r s i v e  method i s  used t o  p r o c e s s  t h e  polygons 
which i n s u r e s  t h a t  ove r l app ing  polygons a re  p r o c e s s e d  i n  o r d e r  of t h e  
d i s t a n c e  from t h e  o b s e r v e r  (dec reas ing  Z ) .  A s t a c k  i s  used t o  keep 
t r a c k  of t h e  polygons w h i c h  were v i s i b l e  b u t  have been obscured  by 
c l o s e r  polygons,  and t h e  polygons which are v i s i b l e  are numbered i n  
such  a way t h a t  t h e  r e l a t i v e  d e p t h  of any two polygons which are 
compared w i l l  b e  remembered f o r  all f u t u r e  s c a n  p l a n e s .  

2. When t h e  o r d e r  of t h e  a c t i v e  edge l i s t  changes,  t h e  v i s i b i l i t y  of 
polygons a f t e r  t h e  change can o f t e n  be  deduced from t h e  v i s i b i l i t y  
b e f o r e  t h e  change and a n  e x a n i n a t i o n  of t h e  t y p e  of t h e  edges i n v o l v e d  
i n  t h e  change. A l l  edges  a r e  c l a s s i f i e d  by marking them as l e f t  o r  
r i g h t  depending on whether  they are  on t h e  l e f t  o r  r i g h t  s i d e  of a 
polygon as s e e n  by t h e  viewer.  For example, when two r i g h t  edges  c r o s s  
and i n i t i a l l y  t h e  l e f t  one is  v i s i b l e  below t h e  i n t e r s e c t i o n ,  i t  
f o l l o w s  t h a t  t h e  r i g h t  one i s  v i s i b l e  and t h e  l e f t  i n v i s i b l e  above t h e  
i n t e r s e c t i o n .  T h i s  t echn ique  is f u r t h e r  enhanced by keep ing  t r a c k  of 
t h o s e  edges t h a t  are p a r t  of two o r  more polygons.  Edges which arc 
b o t h  l e f t  and r i g h t  are c l a s s i f i e d  as middle  edges.  

These two t e c h n i q u e s  have been programmed, and t h e  two a l g o r i t h m s  are 

d e s c r i b e d  below. Both t echn iques  are u s e f u l  f o r  any s c e n e  d e s c r i b e d  by 

p l a n a r  convex polygons,  b u t  t h e  f i r s t ' i s  p robab ly  b e t t e r  f o r  s c e n e s  i n  which 

t h e r e  are many unconnected polygons.  The second a p p e a r s  t o  be  s u p e r i o r  when 

t h e  s c e n e  i s  composed of curved s u r f a c e s  approximated by a d j o i n i n g  p l a n a r  

polygons.  D e s c r i p t i o n s  of a i r c r a f t  f u s e l a g e s ,  wings,  e tc . ,  used f o r  

s t r u c t u r a l  and aerodynamic a n a l y s i s  a r e  examples of such  p i c t u r e s .  
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The t echn ique  t h a t  i n c r e a s e s  t h e  p a r a l l e l i s m  of computat ion and a i d s  i n  

t h e  g e n e r a t i o n  of l i n e  drawing i s  a t e c h n i q u e  t h a t  i d e n t i f i e s  t h e  n e x t  

l a r g e s t  Y f o r  which any change o c c u r s  i n  th:-  a c t i v e  edgc l i s t .  S i n c e  t h i s  

i s  t h e  f i r s t  s c a n  p l a n e  a t  which a change i n  t h e  v i s i b i l i t y  of polygons can 

occur ,  t h e  v i s i b i l i t y  p r o c e s s i n g  a l g o r i t h m  c a n  advance immediately t o  t h a t  

v a l u e  and perform t h e  new v i s i b i l i t y  computat ion.  I f  a raster h a s  t o  b e  

developed,  i t  can  be  g e n e r a t e d  i n  p a r a l l e l  w i t h  t h e  new v i s i b i l i t y  

computat ions.  If a l i n e  drawing i s  t o  b e  g e n e r a t e d ,  t h e  l i n e s  can be o u t p u t  

each t i m e  t h a t  t hey  t e r m i n a t e  o r  become i n v i s i b l e .  

The n e x t  s e c t i o n  summarizes t h e  p r o c e s s i n g  common t o  b o t h  a l g o r i t h m s .  

The fo l lowing  two s e c t i o n s  d e s c r i b e  t h e  two a l g o r i t h m s  i n  some d e t a i l .  

S e c t i o n  5 d i s c u s s e s  t h e  t e c h n i q u e  f o r  pa ra l l e l i sm,  and t h e  f i n a l  s e c t i o n  

p r e s e n t s  some e x p e r i m e n t a l  r e s u l t s  which compare t h e  o p e r a t i o n  c o u n t s  f o r  

s e v e r a l  s cenes  r a n g i n g  from 11 t o  480 polygons.  

2. BASIC ALGORITHM FEATURES. 

The o b j e c t i v e  of any a l g o r i t h m  may b e  twofold.  I f  a s e t  of v e r y  

d i f f e r e n t  views of a s c e n e  are  t o  be  g e n e r a t e d ,  t h e n  t h e  o b j e c t i v e  i s  t o  

r educe  t h e  t o t a l  amount of computation. I f ,  on t h e  o t h e r  hand, a series of 

views,  each  a m a l l  p e r t u r b a t i o n  from t h e  l a s t  as i n  a moving p i c t u r e ,  are 

t o  be  gene ra t ed ,  t h e n  t h e  o b j e c t i v e s  may i n c l u d e  making as much of t h e  

p r o c e s s  as paral le l  as p o s s i b l e  i n  o r d e r  t o  a l l o w  € o r  s e v e r a l  mini-  o r  

micro-processors t o  work on d i f f e r e n t  s e c t i o n s .  The o b j e c t i v e s  may a l s o  

i n c l u d e  o r g a n i z i n g  t h e  c a l c u l a t i o n  s o  t h a t  some of t h e  work c a n  be 

i n c r e m e n t a l ,  t h a t  i s ,  s o  t h a t  s m a l l  changes from one v i m  t o  t h e  n e x t  can  be  

accomplished by a s m a l l  amount of work. 
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The work i s  broken up i n t o  two stages: p r e p r o c e s s i n g  and v i s i b i l i t y  

computation. T h i s  n o t  o n l y  a l l o w s  f o r  some p a r a l l e l i s m ,  b u t  a l s o  i n c r e a s e s  

t h e  p o s s i b i l i t y  f o r  i n c r e m e n t a l  comptltation. Both a l g o r i t h m s  do  t h e  

r o t a t i o n  (and p e r s p e c t i v e  t r a n s f o r m a t i o n  i f  d e s i r e d )  i n  t h e  p r e p r o c e s s i n g  

s t a g e .  T h i s  can be  performed inc remen ta l ly .  Next they  s o r t  t h e  v e r t i c e s  by 

t h e  Y c o o r d i n a t e s .  (The f i r s t  technique o n l y  s o r t s  t h e  l o w e s t  v e r t e x  of 

each polygon.) For t h e  f i r s t  sort ,  a f a s t  b i n a r y  o r  bucke t  s o r t  c a n  b e  

used,  b u t  subsequen t  i n c r e m e n t a l  ones s h o u l d  u s e  a v a r i a n t  of t h e  bubb le  

s o r t  s i n c e  changes i n  p o s i t i o n  w i l l  be f e w .  Next,  b o t h  a l g o r i t h m s  compute 

c o e f f i c i e n t s  A ,  B y  and C f o r  each polygon s o  t h a t  t h e  polygon l i e s  i n  t h e  

p l a n e  Z=AX+BY+C. I f  t h e  polygon i s  'edge on' t o  t h e  v i ewer ,  i t  i s  dropped 

from f u r t h e r  c o n s i d e r a t i o n .  These c o e f f i c i e n t s  can  a l s o  be computed 

i n c r e m e n t a l l y .  Another s t e p  i n  p r e p r o c e s s i n g  i n v o l v e s  computing t h e  s l o p e  

of each polygon edge i n  t h e  scene.  T h i s  i s  computed as dxldy which 

i n d i c a t e s  the change i n  X i n  t h e  movement from one s c a n  p l a n e  t o  t h e  n e x t .  

( H o r i z o n t a l  l ines  r e q u i r e  some s p e c i a l  h a n d l i n g  dependent  on t h e  d e t a i l s  of 

t h e  a l g o r i t h m  implementat ion.)  

During t h e  v i s i b i l i t y  computat ion,  a n  A c t i v e  Edge L i s t  is ma in ta ined  i n  

o r d e r  of t h e  X c o o r d i n a t e s  of t h e  i n t e r s e c t i o n  of t h e  edges  w i t h  t h e  c u r r e n t  

s c a n  p l ane .  When t h e  s c a n  p l a n e  is advanced by i n c r e a s i n g  T t o  t h e  n e x t  

h i g h e r  v a l u e ,  t h e s e  X v a l u e s  must be  updated by add ing  t h e  i n v e r s e  of t h e  

s l o p e s  of t h e  edges t o  them. Th i s  may change t h e  o r d e r i n g  so some t e s t i n g  

must b e  done. The f i r s t  a l g o r i t h n  desc r ibed  h e r e  s a v e s  i n f o r m a t i o n  a b o u t  

s c a n  l i n e  cohe rence  by numbering the  polygons.  Consequent ly ,  t h e  Act ive  

Edge L i s t  can  be  updated by simply r e s o r t i n g  i t .  S i n c e  i t  i s  presumably 

a lmos t  s o r t e d ,  a v a r i a n t  of t h e  bubble s o r t  p r o v i d e s  a r a p i d  method. The 
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second a l g o r i t h m  u s e s  t h e  i n f o r m a t i o n  abou t  which e l e m e n t s  i n  t h e  A c t i v e  

Edge L i s t  have changed p o s i t i o n s ,  so  i t  is  more conven ien t  t o  d e t e r m i n e  when 

two elements have t o  be exchanged and t o  pe r fo rm t h e  a p p r o p r i a t e  v i s i b i l i t y  

computat ion immediately a l t h o u g h  i t  i s  c o n c e p t u a l l y  similar t o  a bubb1.c 

s o r t .  I n  e i t h e r  case, t h e  b a s i c  p r o c e s s i n g  of one s c a n  p l a n e  r e q u i r e s  a 

number of a d d i t i o n s  e q u a l  t o  t h e  number of a c t i v e  edges p l u s  a l i k e  number 

of tes ts  t o  d e t e r m i n e  i f  t h e  o r d e r  h a s  changed. I f  t h e r e  are any changes ,  

a d d i t i o n a l  c o n p u t a t i o n  is n e c e s s a r y .  When t h e  Y v a l u e  of t h e  n e x t  v e r t e x  i s  

r eached ,  a change must be made i n  t h e  A c t i v e  Edge L i s t .  T h i s  may i n v o l v e  

add ing ,  d e l e t i n g  o r  r e p l a c i n g  edges.  The d e t a i l s  are a l g o r i t h m  dependent .  

3. DESCRIPTION OF STACK ALGORITHM. 

The f i r s t  a l g o r i t h m  employs t h e  f i r s t  t e c h n i q u e  t o  r e d u c e  d e p t h  

c a l c u l a t i o n s .  The i n p u t  d a t a  d e s c r i b i n g  t h e  image c o n s i s t s  of a set of 

p l a n e r ,  convex polygons,  assumed t o  be  opaque. These polygons may n o t  

p i e r c e  one a n o t h e r  nor  may they o v e r l a p  one a n o t h e r  c y c l i c a l l y .  The 

polygons a r e  numbered and s o r t e d  a c c o r d i n g  t o  t h e  f i r s t  ( l o w e s t  Y v a l u e d )  

s c a n  l i n e  i n  which they  appea r .  T h i s  produces t h e  SORTED POLYGON LIST. A t  

any s c a n  l i n e ,  a n  ACTIVE L I S T  i s  ma in ta ined  of a l l  polygons t h a t  are 

i n t e r s e c t e d  by t h i s  s c a n  l i n e .  Two new edges a re  added t o  t h e  ACTIVE LIST 

from t h e  SORTED POLYGON LIST on t h e  f i r s t  s c a n  l i n e  i n  which they  appea r .  

Polygons a r e  dropped from t h e  ACTIVE LIST a f t e r  p r o c e s s i n g  t h e  l a s t  s c a n  

l i n e  i n  which t h e y  appear .  When t h e  end of t h e  SORTED POLYGON LIST i s  

reached  and t h e  ACTIVE LIST is  empty, t h e  a l g o r i t h m  t e r m i n a t e s .  

Two e n t r i e s  are  made i n  t h e  ACTIVE LIST f o r  each palygon,  c o r r e s p o n d i n g  

t o  t h e  X-coordinates of t h e  two p o i n t s  a t  which t h e  s c a n  r a y  e n t e r s  and 
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e x i t s  t h e  polygon as i t  s c a n s  the  c u r r e n t  scan l i n e  f rom l e f t  t o  r i g h t .  

Be fo re  each  scan  l i n e  i s  processed t h e  ACTIVE L I S T  i s  s o r t e d  s o  t h e  X-values 

are i n  l e f t  t o  r i g h t  o r d e r .  

R e f e r r i n g  t o  FIGURE 2 ,  t h e  p r o c e s s i n g  of a n  i n d i v i d u a l  s c a n  l i n e  b e g i n s  

w i t h  t h e  f i r s t  ( l e f t m o s t )  p o i n t  i n  t h e  ACTIVE LIST. The polygon e n t e r e d  a t  

t h i s  p o i n t  i s  d e c l a r e d  t o  be  t h e  CURRENT polygon and p r o c e s i n g  beg ins  on i t .  

To p r o c e s s  a polygon means t o  s c a n  t h e  ACTIVE L I S T  d a t a  which l ies  w i t h i n  

t h e  l e f t  and r i g h t  boundar i e s  of t h e  polygon,  t o  de t e rmine  when ( i f  e v e r )  

RECURSIVE PROCESSING 

ONE SCAN LINE 

TOP VIEW 

,x 

Figure  2 
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t h e  polygon becomes v i s i b l e ,  arid t o  g e n e r a t e  o u t p u t  d a t a  i n d i c a t i n g  t h e  

X-posi t ion on t h e  c u r r e n t  s c a n  l i n e  where t h e  polygon i s  v i s i b l e .  A s  t h e  

a l g o r i t h m  p r w e e d s ,  a p o i n t e r  i n t o  t h e  ACTIVE LIST keeps  t r a c k  of t h e  

p o s i t i o n  of t h e  s c a n  r a y  as i t  advances from p o i n t  t o  p o i n t .  

When the s c a n  r a y  e n c o u n t e r s  t h e  e x i t  of t h e  CURRENT polygon, p r o c e s s i n g  

i s  t e rmina ted  on t h a t  polygon. A t  t h i s  t i m e  t h e  a l g o r i t h m  s a v e s  w i t h  t h e  

CURRENT polygon t h e  o r d i n a l  number r e p r e s e n t i n g  when t h e  CURRENT polygon was 

p rocessed  ( i . e .  , t h r e e  i s  saved i f  t h e  CURRENT polygon i s  t h e  t h i r d  polygon 

on t h i s  scan l i n e  f o r  which p r o c e s s i n g  h a s  been t e r m i n a t e d ) .  T h i s  number 

w i l l  be  c a l l e d  t h e  r ank  of t h e  polygon. S i n c e  t h e  s t a c k i n g  mechanism c a u s e s  

t h e  f r o n t n o s t  polygon of o v e r l a p p i n g  polygons t o  have i t s  p r o c e s s i n g  

t e r m i n a t e d  f i r s t ,  t h e  rank of two o v e r l a p p i n g  polygons may b e  used on t h e  

next  scan l i n e  t o  i n d i c a t e  t h e i r  r e l a t i v e  dep ths .  Ranks of two 

non-overlapping polygons are  meaningless .  T h e r e f o r e ,  b e f o r e  u s i n g  r a n k s ,  

t h e  a l g o r i t h m  checks  d a t a  s t o r e d  d u r i n g  p r o c e s s i n g  of t h e  p r e v i o u s  s c a n  l i n e  

t o  i n s u r e  t h a t  t h e  two polygons ove r l apped  on t h e  p r e v i o u s  s c a n  l i n e .  A f t e r  

r ank ing  a polygon, t h e  s t a c k  i s  popped and p r o c e s s i n g  i s  resumed on t h e  

polygon saved a t  t h e  top  of t h e  s t a c k .  It now becomes t h e  CURRENT polygon. 

When t h i s  occur s  t h e  s c a n  r a y  and A c t i v e  Edge L i s t  p o i n t e r  jump back t o  t h e  

p o s i t i o n  they had when t h e  polygon w a s  pushed o n t o  t h e  s t a c k .  T h i s  may 

c a u s e  t h e  a l g o r i t h m  t o  d e v i a t e  from a s t r ic t  l e f t  t o  r i g h t  p r o c e s s i n g  o r d e r .  

The a lgo r i thm remembers t h e  r i g h t m o s t  X-value f o r  which o u t p u t  h a s  been  

produced. I f ,  a f t e r  a pop of t h e  s t a c k ,  t h e  s c a n  r a y  jumps t o  t h e  l e f t ,  no 

o u t p u t  is  g e n e r a t e d  u n t i l  t h e  s c a n  r a y  a g a i n  r e a c h e s  t h i s  r i g h t m o s t  v a l u e .  



polygon which h i d e s  t h e  CURRENT polygon, p r o c e s s i n g  of t h e  CURRENT Polygon 

i s  suspended,  t h e  A c t i v e  Edge L i s t  p o i n t e r  is pushed o n t o  a s t a c k ,  and 

p r o c e s s i n g  i s  s t a r t e d  on t h e  newly e n c o u n t e r e d  polygon,  which h a s  become 

v i s i b l e .  

I f ,  b e f o r e  e x i t i n g  t h e  CURRENT POLYGON, t h e  s c a n  r a y  e n c o u n t e r s  t h e  

r i g h t  s i d e  ( e x i t )  o r  a polygon, t he  a l g o r i t h m  marks t h a t  polygon. I f  t h a t  

polygon i s  a t  a l l  v i s i b l e ,  i t  w i l l  have been pushed o n t o  t h e  s t a c k .  When i t  

i s  later popped o f f  t h e  s t a c k  the mark w i l l  c a u s e  t h e  a l g o r i t h m  t o  

immediately r ank  i t  and pop a n o t h e r  polygon from t h e  s t a c k .  

I f ,  o n  t h e  o t h e r  hand, t h e  polygon i s  comple t e ly  i n v i s i b l e ,  i t  w i l l  n o t  

have been pushed o n t o  t h e  s t a c k .  I n  t h i s  case t h e  mark w i l  have t h e  e f f e c t  

of d e l e t i n g  t h e  polygon from f u r t h e r  p r o c e s s i n g  on t h e  c u r r e n t  s c a n  l i n e .  

T h i s  e l i m i n a t e s  some Z-depth c a l c u l a t i o n s  i n v o l v i n g  t h i s  polygon. I n s t e a d  

of r a n k i n g  such  i n v i s i b l e  polygons,  t h e  a l g o r i t h m  s a v e s  w i t h  each of them 

t h e  number of t h e  polygon t h a t  was v i s i b l e  when t h e  i n v i s i b l e  polygon w a s  

e n t e r e d  by t h e  s c a n  ray.  T h i s  i n f o r m a t i o n  may s a v e  Z-depth c a l c u l a t i o n s  on 

subsequen t  s c a n  l i n e s .  

4 .  DESCRIPTION OF ALGORITHM CROSS 

Algori thm CROSS employs t h e  second t e c h n i q u e .  I n  t h i s  a l g o r i t h m  t h e  

fundamental  e l emen t s  i n  t h e  r e p r e s e n t a t i o n  of t h e  d a t a  are t h e  v e r t i c e s .  

Each v e r t e x  c o n s i s t s  of i t s  c o o r d i n a t e s  X, Y ,  and Z p l u s  some p o i n t e r  

i n f o r m a t i o n  g e n e r a t e d  i n  t h e  algori thm. Edges c o n s i s t  vf a p a i r  of v e r t i c e s  

p l u s  i n f o r m a t i o n  g e n e r a t e d  i n  t h e  a l g o r i t h m .  Polygons c o n s i s t  of a n  

( o r d e r e d )  l i s t  of edges.  Polygons must b e  p l a n a r ,  convex, and 
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n o n - i n t e r s e c t i n g  ( a l though  t h e  a l g o r i t h m  cou ld  be  mod i f i ed  t o  compute 

i n t e r s e c t i o n s ) .  The u s u a l  p r e l i m i n a r y  p r o c e s s i n g  i s  used t o  compute t h e  

c o e f f i c i e n t s  of t h e  planes of t h e  po lygons ,  t o  o r d e r  t h e  ver t ices  by t h e i r  

Y-values, and to  c o n s t r u c t  l i s t s  of edges  connected t o  each  v e r t e x .  I n  t h i s  

case, edges  are  s a i d  t o  b e g i n  on a v e r t e x  i f  t h e i r  end w i t h  t h e  l o w e s t  Y 

v a l u e  i s  on t h a t  v e r t e x .  They end on t h e  v e r t e x  w i t h  t h e  h i g h e s t  Y v a l u e .  

Two l i s ts  a r e  c o n s t r u c t e d  f o r  each v e r t e x ,  a l i s t  of t h o s e  edges end ing  on a 

v e r t e x  and a l i s t  of t h o s e  b e g i n n i n g  on a v e r t e x .  The l i s t  of b e g i n n i n g  

edges i s  o rde red  by t h e  s l o p e  of t h e  edges s o  t h a t  a t  h i g h e r  Y v a l u e s  t h e  

edges  w i l l  be i n  a l e f t  t o  r i g h t  o r d e r .  The l i s t  of end ing  edges  i s  

unordered.  It  i s  used t o  remove edges  from t h e  A c t i v e  Edge L i s t  when t h e  

v e r t e x  i s  encountered.  Th i s  s a v e s  t e s t i n g  each a c t i v e  edge t o  see i f  i t  h a s  

ended. 

4.1 EDGE CLASSIFICATION 

Because edges can be  ' shared '  between two o r  more polygons,  i t  i s  

p o s s i b l e  f o r  an edge t o  be t h e  l e f t  o r  r i g h t  edge of more t h a n  one polygon. 

However, i t  is  conven ien t  i f  w e  a s s o c i a t e  a un ique  l e f t  and r i g h t  polygon 

w i t h  each edge. T h e r e f o r e ,  t h e  a l g o r i t h m  creates enough c o p i e s  of edges  so  

t h a t  no edge i s  a l e f t  o r  r i g h t  edge of more t h a n  one polygon. It i s  a l s o  

n e c e s s a r y  t o  avoid making more than  one copy of a n  edge a 'middle' edge 

(because  t h e  non i n t e r s e c t i n g  h y p o t h e s i s  cou ld  be v i o l a t e d ) .  During p a r t  of 

t h e  p r e p r o c e s s i n g ,  t h e  edges are c l a s s i f i e d  as L ,  M o r  R and c o p i e s  are 

c r e a t e d  i f  necessary.  A t  t h e  same t i m e ,  a p a i r  of p o i n t e r s  i s  c r e a t e d  f o r  

each edge  i n d i c a t i n g  i t s  unique l e f t  and r i g h t  polygons.  A t  t h i s  t i m e ,  t h e  

l e f t  polygon of a l e f t  edge is  n u l l ,  and s i m i l a r l y  f o r  t h e  r i g h t  polygon of 

a r i g h t  edge. During t h e  s c a n n i n g ,  t h e s e  unused p o s i t i o n s  w i l l  b e  t a k e n  
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o v e r  f o r  s t o r i n g  p o i n t e r s  t o  the  nex t  v i s i b l e  polygons when t h e  edge  is 

a c t i v e  and v i s i b l e .  Thus, f o r  any a c t i v e  v i s i b l e  edge,  t h e  l e f t  p o i n t e r  

w i l l  a lways c o n t a i n  t h e  polygon on t h e  l e f t  which is  v i s i b l e ,  and s i m i l a r l y  

f o r  t h e  r i g h t  p o i n t e r .  

When an  edge is p u t  i n  t h e  Act ive Edge L i s t ,  p o i n t e r s  are s t o r e d  w i t h  

t h e  polygon s o  t h a t  any polygon under t h e  s c a n  l i n e  has  p o i n t e r s  t o  i t s  l e f t  

and r i g h t  edges.  (Th i s  i s  t h e  r e a s o n  f o r  t h e  r e s t r i c t i o n  t o  convex 

polygons.  ) 

The l i s t  of a l l  edges  under t h e  c u r r e n t  s c a n  l i n e  is k e p t  i n  left t o  

r i g h t  o r d e r .  The X p o s i t i o n  of each edge i s  reco rded ,  a l o n g  w i t h  t h e  edge 

t y p e  (L, M, o r  R ) ,  i t s  v i s i b i l i t y  ( V  = v i s i b l e ,  I = i n v i s i b l e )  and p o i n t e r s  

t o  t h e  l e f t  and r i g h t  polygons mentioned above. The l i s t  must b e  updated  

each  t i m e  a v e r t e x  is encountered o r  two a c t i v e  edges  c r o s s .  

4.2 VERTEX PROCESSING 

When a v e r t e x  i s  encountered  a l l  edges  end ing  on t h e  v e r t e x  are removed. 

The v e r t e x  can b e  marked v i s i b l e  i f  any of t h e s e  edges  are  v i s i b l e ,  

o t h e r w i s e  i t  i s  i n v i s i b l e .  I ts  p o s i t i o n  i n  t h e  A c t i v e  Edge L i s t  is g i v e n  by 

t h e  p o s i t i o n  of t h e  removed edges. I f  t h e r e  are  no edges  t o  remove, t h e  

v i s i b i l i t y  of t h e  v e r t e x  and i t s  p o s i t i o n  i n  t h e  act ive edge  must b e  

c a l c u l a t e d .  I ts  p o s i t i o n  i s  determined by s e a r c h i n g  through t h e  a c t i v e  edge  

l ist  s e q u e n t i a l l y .  Its v i s i b i l i t y  i s  de termined  by computing t h e  d e p t h  of 

t h e  v i s i b l e  polygon a t  t h a t  po in t .  (This  polygon i s  known by l o o k i n g  t o  t h e  

l e f t  o r  r i g h t  i n  t h e  l i s t . )  
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Next, a l l  edges b e g i n i n g  a t  t h e  v e r t e x  are added t o  t h e  A c t i v e  Edge Li.st 

and t h e  c r o s s i n g  p o i n t s  t o  t h e i r  l e f t  and r i g h t  are c a l c u l a t e d  i f  n e c e s s a r y .  

I f  t h e  v e r t c x  i s  invisih?:.,  t h e r e  i s  i . . i h i n g  else t o  do. I f  i t  i s  v i s i b l e ,  

t h e  v i s i b i l i t y  of each new edge must be  computed. T h i s  i s  n e c e s s a r y  because  

s e v e r a l  polygons cou ld  s t a r t  from a v e r t e x ,  and t h e s e  c o u l d  o b s c u r e  some of 

t h e  edges.  The v i s i b i l i t y  i s  determined by comparing t h e  edge d e p t h  w i t h  

t h e  dep th  of t h e  c u r r e n t l y  v i s i b l e  polygon on t h e  l e f t .  I f  t h e  v i s i b l e  

polygon does no t  p a s s  th rough  t h e  v e r t e x  under  c o n s i d e r a t i o n ,  t h i s  r c q u i r c s  

a s t r a i g h t f o r w a r d  d e p t h  c a l c u l a t i o n  and comparison. I f  t h e  polygon does  

p a s s  through t h e  v e r t e x ,  t h e  comparison is  done u s i n g  t h e  c o e f f i c i e n t s  of 

t h e  polygons and t h e  s l o p e  of t h e  added edge. (The l a t t e r  i s  n c c e s s a r y  t o  

avo id  t h e  problem caused by t h e  f a c t  t h a t  b o t h  t h e  polygon and t h e  edge  p a s s  

through t h e  v e r t e x  under  c o n s i d e r a t i o n . )  

Anytime a middle  edge i s  added i t s  v i s i b i l i t y  i s  de te rmined  by s e e i n g  if 

i t s  l e f t  polygon is t h e  c u r r e n t l y  v i s i b l e  polygon. I n  a d d i t i o n ,  when a 

v i s i b l e  r i g h t  edge i s  added, a s e a r c h  must be  nade  t o  f i n d  t h e  n c x t  visib1.c 

polygon on t h e  r i g h t .  T h i s  i s  done u s i n g  t h e  s e a r c h  d e s c r i b e d  i n  t h e  n e x t  

s e c t i o n ,  excep t  when t h i s  i s  t h e  l a s t  edge from t h e  v e r t e x .  I n  t h a t  case, 

t h e  n e x t  v i s i b l e  polygon can  be  determined by l o o k i n g  t o  t h e  r i g h t  i n  t h e  

Ac t ive  Edge L i s t .  

4 . 3  CROSSING ANALYSIS 

The p r i n c i p a l  f e a t u r e  of t h e  v i s i b i l i t y  c o n p u t a t i o n  i s  t h e  

c l a s s i f i c a t i o n  of c r o s s i n g  types .  Each a c t i v e  edge i s  i n  one of t h e  s i x  , 

states LV, MV, RV, L I ,  M I ,  o r  RI. T h i s  g i v e s  a t o t a l  of 36 p o s s i b i l i t i e s  

f o r  t h e  c r o s s i n g  of a p a i r  of a d j a c e n t  edges ,  These are shown i n  T a b l e  I 

1 2  
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. .  below. (The f i r s t  edge is t h e  edge w i t h  t h e  smaller X va lue . )  A p a i r  of 

edges  t h a t  c r o s s  are  handled by s w i t c h i n g  t h e i r  p o s i t i o n s  i n  t h e  active edge 

l ist  and t h e n  e x e c u t i n g  t h e  a c t i o n  d e s c r i b e d  i n  t a b l e  below. For  example,  

. when an RV edge c r o s s e s  an  MV edge,  t h e  edges  s w i t c h  and t h e  middle  edge 

becomes i n v i s i b l e .  The on ly  o t h e r  a c t i o n  needed i s  t o  upda te  t h e  r i g h t  

polygon p o i n t e r  of t h e  RV edge. Its new v a l u e  is  t h e  r i g h t  polygon p o i n t e r  

of t h e  middle  edge. 

Table  I 

2nd Edge LV PlV RV LI MI R I  

1s t Edge 

LV I1 E E Cla Clb c I C  

Mv I1 E c - - - 
RV c 2  I 2  I2 - - - 

Blank e n t r i e s  i n d i c a t e  no a c t i o n ,  o the rwise :  
I1 - Flake f i r s t  edge i n v i s i b l e  
I 2  - Make second edge i n v i s i b l e  
C1 - I f  t h e  second edge i s  i n  f r o n t  of t h e  polygon v i s i b l e  

t o  t h e  l e f t  of t h e  f i r s t  edge,  make second edge v i s i b l e .  
(Cases  a ,  b ,  and c are d i s t i n g u i s h e d  l a t e r ) .  

r i g h t  of t h e  f i r s t  and second edges  r e s p e c t i v e l y .  
The one  wi th  t h e  forward polygon remains v i s i b l e .  

C2 - Compares t h e  d e p t h s  of t h e  polygons t o  t h e  l e f t  and 

C 3  - The same as C 1  w i t h  f i r s t  and second,  and l e f t  and  

E 
r i g h t  i n t e rchanged .  

polygon. The c r o s s i n g  can be  ignored .  
- ‘Error’  c o n d i t i o n  because t h e  edges  be long  t o  t h e  same 

The l e f t  polygon p o i n t e r  of a l e f t  edge t h a t  is  v i s i b l e  a f t e r  t h e  

c r o s s i n g  c a l c u l a t i o n  (and s i m i l a r l y  f o r  r i g h t  edges )  may have t o  be  

updated .  edge. I n  a l l  b u t  two c a s e s ,  t h e  p o i n t e r  i s  a v a i l a b l e  i n  t h e  o t h e r  
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I n  t h e s e  two cases, Clc and C3c i t  i s  n e c e s s a r y  t o  s e a r c h  t o  f i n d  t h e  

polygon t h a t  is now v i s i b l e  between t h e  two edges.  T h i s  s e a r c h  is done by 

p r o c e s s i n g  t h e  a c t i v e  edge from l e f t  t o  r i g h t  l o o k i n g  f o r  t h e  edge under  

c o n s i d e r a t i o n  w h i l e  r e c o r d i n g  e n t r i e s  and e x i t s  from polygons.  When t h e  

edge under  c o n s i d e r a t i o n  i s  reached ,  i t  is known which polygons s p a n  t h e  

i n t e r s e c t i o n  p o i n t .  The d e p t h s  of a l l  of them must b e  c a l c u l a t e d ,  and t h e  

most forward chosen as t h e  new v i s i b l e  polygon. 

Thus, of t h e  32 c a s e s  t h a t  can  occur  i n  Tab le  I ,  21 of them r e q u i r e  

no a c t i o n ,  4 of them r e q u i r e  a s i m p l e  change of v i s i b i l i t y  and t h e  changing 

of a p o i n t e r ,  and 7 cases r e q u i r e  a d e p t h  comparison of two polygons.  I n  

a d d i t i o n ,  two of t h e  l a s t  seven  cases r e q u i r e  a s e a r c h  and p o s s i b l y  s e v e r a l  

dep th  c a l c u l a t i o n s  i n  t h o s e  c a s e s  t h a t  t h e  v i s i b i l i t y  changes.  

4.4 PREPROCESSING 

I n  a d d i t i o n  t o  t h e  p r e p r o c e s s i n g  d e s c r i b e d  i n  s e c t i o n  2,  t h i s  a l g o r i t h m  

h a s  t o  do the f o l l o w i n g :  

Edge P r o c e s s  

Each edge i s  examined. I ts  end p o i n t s  are p l a c e d  i n  a scend ing  o r d e r  

and a p a i r  of c h a i n s  i s  c o n s t r u c t e d  from each v e r t e x  th rough  t h e  e d g e s  

s o  t h a t  from each v e r t e x  i t  i s  p o s s i b l e  t o  f i n d  t h e  set of edges  t h a t  

end on t h e  v e r t e x  and t h e  set  of edges t h a t  s t a r t  on t h e  v e r t e x .  The 

set of edges t h a t  s t a r t  on t h e  v e r t e x  are s o r t e d  i n  a s c e n d i n g  o r d e r  of 

t h e i r  s l o p e s  so  t h a t  t hey  w i l l  be i n  t h e  c o r r e c t  l e f t  t o  r i g h t  o r d e r  i n  

t h e  Act ive Edge L i s t  when they  are e n t e r e d  t h e r e .  

Polygon Edge Label  

Each polygon is  exarnined i n  t u r n .  If i t  is  c l o s e  t o  ‘edge-on’ i t  i s  
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I .. , i g n o r e d ,  o t h e r w i s e  t h e  c o e f f i c i e n t s  A, B, and C such  t h a t  Z=AX+BY+C are 

c a l c u l a t e d .  T h i s  i s  done by s o l v i n g  a sys t em of t h r e e  l i n e a r  e q u a t i o n s  

d e r i v e d  from t h r e e  a d j a c e n t  v e r t i c e s  on t h e  polygon. I f  t h e  

d e t e r m i n a n t  of  t h e  system i s  too’smaL1, t h e  f i r s t  v e r t e x  i s  dropped and 

a n o t h e r  added. Th i s  i s  r e p e a t e d  u n t i l  a s o l u t i a n  is found or  t h e  

polygon is  i g n o r e d  as ‘edge-on’ o r  t o o  s m a l l .  I f  a s o l u t i o n  is  found ,  

t h e  d e t e r m i n e n t  of t h e  system (which i s  a v a i l a b l e  as a b y p r o d u c t )  

i n d i c a t e s  whether  t h e  polygon is b e i n g  p r o c e s s e d  i n  t h e  c l o c k w i s e  o r  

coun te r - c lockwise  d i r e c t i o n .  T h i s  i n f o r m a t i o n  i s  used. i n  two ways. 

The f i r s t  is  a n  o p t i o n  t o  i g n o r e  rear polygons.  I f  t h i s  o p t i o n  is  

used,  polygons must b e  s p e c i f i e d  i n  c l o c k w i s e  o r d e r  when viewed from 

t h e  e x t e r i o r  of t h e  body. A coun te r - c lockwise  p r o j e c t i o n  i n  t h e  x-y 

p l a n e  i n d i c a t e s  t h a t  t h e  polygon s h o u l d  be  dropped. I f  t h e  polygon is 

n o t  dropped, i t s  edges  a r e  examined i n  sequence. The combina t ion  of 

t h e  d i r e c t i o n  of r o t a t i o n  and t h e  d i r e c t i o n  of t h e  edge (up o r  down) 

i n d i c a t e s  whether t h e  edge i s  a l e f t  o r  r i g h t  edge. It i s  marked 

a c c o r d i n g l y  i n  t h e  l i s t  of edges,  and t h e  ‘name’ of t h e  polygon on t h e  

l e f t  o r  r i g h t  of t h e  edge is s t o r e d  i n  t h e  edge list.  I f  t h e  edge is  

a l r e a d y  marked as  b e i n g  of t h e  same t y p e ,  a d u p l i c a t e  edge i s  c r e a t e d .  

The edge of t h e  rear polygon i s  saved as t h e  d u p l i c a t e  edge (which i s  

d i s t i n g u i s h a b l e  i n  t h e  edge l i s t ) ,  so  t h a t  t h e  p i c t u r e  g e n e r a t i o n  can  

s imply  i g n o r e  v i s i b i l i t y  t e s t s  on d u p l i c a t e  polygons.  The f r o n t  edge 

i s  e a s i l y  found by f i n d i n g  the edge a t t a c h e d  t o  t h e  polygon w i t h  t h e  

l a r g e s t  v a l u e  of t h e  parameter A i n  t h e  case of l e f t  edges ,  o r  t h e  

smallest v a l u e  i n  t h e  case of r i g h t  edges.  I f  t h e  edge h a s  been marked 

as of  t h e  o t h e r  t y p e  (e.g. R when t h e  new t y p e  i S  L )  i t  i s  s imply  

marked as M. 
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5.  PARALLEL GENERATION OF RASTER AND L I N E  DRAWING TECHNIQUE 

S i n c e  there is  no v i s i b i l i t y  change from one s c a n  l i n e  t o  t h e  n e x t  u n t i l  

a new v e r t e x  i s  encoun te red  o r  u n t i l  two edges  i n  t h e  A c t i v e  Edge L i s t  

change p l a c e s ,  t h e  Ac t ive  Edge L i s t  c a n  b e  updated from one s c a n  l i n e  t o  t h e  

nex t  by a d d i t i o n s  on ly .  There is no need t o  tes t  t o  see i f  t h e r e  have been 

any changes of p o s i t i o n .  Indeed,  t h e r e  i s  no need t o  g e n e r a t e  t h e  s t a t e  of 

t h e  A c t i v e  Edge L i s t  f o r  each s c a n  p l a n e ,  on ly  f o r  t h o s e  on which a change 

occur s .  The  Y v a l u e  of t h e  n e x t  change is c a l c u l a t e d  by m a i n t a i n i n g  a l i s t  

of a l l  i n t e r s e c t i o n s  of a d j a c e n t  edges  i n  t h e  A c t i v e  Edge L i s t  u n l e s s  t h o s e  

edges were i n c i d e n t  on t h e  same v e r t e x  o r  were p a r t  of t h e  same polygon. 

T h i s  l i s t  i s  ma in ta ined  i n  o r d e r  of t h e  Y v a l u e  of t h e  i n t e r s e c t i o n .  

Consequently t h e  nex t  Y v a l u e  of a change can be found from t h e  minimum i n  

t h i s  l i s t  and t h e  next  e n t r y  on t h e  s o r t e d  v e r t e x  l i s t  g e n e r a t e d  i n  

p rep rocess ing .  It  was found t h a t  t h e  amount of a r i t h m e t i c  i n v o l v e d  i n  

computing t h e  i n t e r s e c t i o n s  was less t h a n  t h e  amount of work i n v o l v e d  i n  

a d d i t i o n s  and tests used t o  g e n e r a t e  s u c c e s s i v e  s c a n  p l a n e  A c t i v e  Edge 

L i s t s .  I n  t h i s  t echn ique ,  a s e p a r a t e  p r o c e s s o r  can  be g e n e r a t i n g  t h e  s t a t e  

of t h e  Ac t ive  Edge L i s t  f o r  each s c a n  l i n e  by a d d i t i o n s  and g e n e r a t i n g  t h e  

raster ou tpu t  from t h a t  s ta te .  Such a d i s p l a y  g e n e r a t o r  was d e s c r i b e d  by 

E r d a h l [ l ]  i n  1972. It  a p p e a r s  t h a t  a l g o r i t h m  CROSS produces t h e  p r o p e r  t y p e  

of i n p u t  r e q u i r e d  by Erdah l ' s  d i s p l a y  p r o c e s s o r ,  e.g. ,  a sequence  of v i s i b l e  

edge segments s o r t e d  by t h e  i n i t i a l  s c a n  l i n e  on which t h e y  a p p e a r  and t h e n  

s o r t e d  by t h e  X-values of t h e  i n t e r s e c t i o n  w i t h  t h e  s c a n  l i n e .  The  

v i s i b i l i t y  computat ion can  proceed by advanc ing  t o  t h e  Y v a l u e  of t h e  n e x t  

change. A s  implemented, even t h e  X v a l u e s  of t h e  a c t i v e  edge were n o t  

updated except  when t h e r e  w a s  a change of v i s i b i l i t y .  T h i s  was p a r t l y  i n  
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o r d e r  t o  a l l o w  l i n e  drawings to  be g e n e r a t e d  e a s i l y ,  b u t  a l s o  because  i t  was 

found t h a t  t h e  X c o o r d i n a t e s  of a c t i v e  edges  were no t  needed v e r y  o f t e n ,  so 

t h a t  t h e  a d d i t i o n a l  work i n  c a l c u l a t i n g  i n t e r s e c t i o n s  from t h e  d a t a  

a v a i l a b l e  was more t h a n  o f f s e t  by t h e  r e d u c t i o n  i n  t h e  number of times t h a t  

t h e  c a l c u l a t i o n  of t h e  X v a l u e  had t o  b e  made. C;ach a c t i v e  edge c o n t a i n e d  

i t s  l a s t  c a l c u l a t e d  X v a l u e  and t h e  co r re spond ing  Y v a l u e  i n  t h e  

implementat ion.  

6 .  COMPARISON OF SEVERAL ALCORITHEIS 

The two a l g o r i t h m s  desc r ibed  h e r e ,  a l o n g  w i t h  t h r e e  o t h e r  scan-li .ne 

a l g o r i t h m s  [ 2 , 3 , 4 ]  were implemented i r ,  FORTPAN on a PRIME-300 minicomputer.  

Each of t h e s e  imp lemen ta t ions  counted t h e  number of tests, s t o r e d  d a t a  

accesses, m u l t i p l i c a t i o n s  o r  d i v i s i o n s ,  and a d d i t i o n s  r e q u i r e d  by t h e  

a l g o r i t h m .  Tab le  2 g i v e s  t h e s e  counts  f o r  t h e  s e v e r a l  p i c t u r e s  shown i n  t h e  

appendix.  The. c o u n t s  i n c l u d e d  a l l  p r o c e s s i n g  done on each i n d i v i d u a l  s c a n  

l i n e  ( t h e  i n n e r  l oop  of a l l  of t hese  a l g o r i t h m s ) ,  t h e  p r o c e s s i n g  done i n  

k e e p i n g  t h e  l i s t  of a c t i v e  pol.ygons i n  l e f t - t o - r i g h t  o r d e r ,  and t h c  

p r e p r o c e s s i n g  done i n  c a l c u l a t i n g  t h e  c o e f f i c i e n t s  of t h e  p l a n e  of each  

polygon. The c o u n t s  do n o t  i n c l u d e  o t h e r  p r e p r o c e s s i n g  done i n  r e a d i n g  t h e  

i n p u t  polygons o r  s o r t i n g  t h e n  i n  o r d e r  of t h e i r  topmost v e r t e x .  T h i s  

Y-sort i s  p e r f o r n e d  by a l l  a lgo r i thms  t e s t e d  and s o  c o u l d  be o m i t t e d  f r o n  

t h e  coun t s .  I n  a s s i g n i n g  c o u n t s  t o  each p o r t i o n  of each  a l g o r i t h m  i t  w a s  

assumed t h a t  a moderate amount of d a t a  cou ld  be  p l a c e d  t e m p o r a r i l y  i n  

r e g i s t e r s  w i t h  e s s e n t i a l l y  i n s t a n t a n e o u s  access. For t h i s  r e a s o n  no s t o r a g e  

acreSses  are i q c l u d c d  f o r  in r r emen t ing  I n d i c e s  and o t h e r  c o i i t r o l  p o i n t e r s .  

I n  a s s i g n i n g  a d d i t i o n s  and m u l t i p l i c a t i o n s ,  no a d d i t i o n s  t o  prograrr, l o o p  

c o u n t e r s  o r  o t h e r  such  programming f u n c t i o n s  were i n c l u d e d .  Such ope ra t i . ans  
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are ve ry  much implementa t ion  dependent ,  no t  a n  i n t e g r a l  p a r t  of t h e  

a l g o r i t h m ,  and so were omi t t ed  e n t i r e l y .  It was d i f f i c u l t  t o  col lect  d a t a  

on ou r  FORTRAN v e r s i o n  of t h e  Watkins a l g o r i t h m  t h a t  cou ld  b e  compared 

d i r e c t l y  with t h e  o t h e r  a lgo r i thms .  The Watkins a l g o r i t h m  w a s  des igned  t o  

hand le  i n t e r s e c t i n g  polygons which t h e  o t h e r  a l g o r i t h m s  do n o t  handle .  Our 

implementat ion s i m p l i f i e d  t h e  Watkins a l g o r i t h m  by removing t h i s  f e a t u r e .  

Also, t h e  Watkins a l g o r i t h m  w a s  des igned  t o  a c c e p t  i n p u t  v e r t i c e s  w i t h  a 

p r e c i s i o n  greater t h a n  one  raster p o i n t .  Our i n p u t  d a t a  con ta ined  v e r t i c e s  

t h a t  were rounded o f f  t o  t h e  n e a r e s t  raster p o i n t .  T h i s  sometimes caused  

t h e  Watkins a l g o r i t h m  t o  t h i n k  t h a t  two a d j a c e n t  polygon6 over lapped  (by one 

raster u n i t ) ,  c a u s i n g  some e x t r a  c a l c u l a t i o n s .  

For a l l  p i c t u r e s  combined, t h e  two a l g o r i t h m s  d e s c r i b e d  h e r e  performed 

fewer  m u l t i p l i c a t i o n s  and a d d i t i o n s  than  any of t h e  t h r e e  a l g o r i t h m s  

o b t a i n e d  from t h e  l i t e r a t u r e .  I n  t h e  c a s e  of a l g o r i t h m  STACK, t h i s  was 

accomplished at t h e  expense of i n c r e a s e d  t e s t i n g  of p r e v i o u s l y  s t o r e d  d a t a .  

Algorithm CROSS can  be  used f o r  raster o r  l i n e  drawings,  and makes 

e f f i c i e n t  u s e  of c o n n e c t i v i t y  in fo rma t ion .  Consequent ly  i t  appea r s  t o  be  

f a s t e r  t han  many o t h e r  t echn iques .  However, i t  u s e s  c o n s i d e r a b l y  more 

s t o r a g e  than o t h e r  t echn iques  because  of t h e  l a r g e  number of p o i n t e r s .  (The 

p r e s e n t  implementat ion uses  about  40 16-bi t  i n t e g e r s  and 12  32-bi t  f l o a t i n g  

p o i n t  v a l u e s  p e r  4-sided polygon. However, i t  i s  an  expe r imen ta l  v e r s i o n  

w i t h  an  unnecessary number of p o i n t e r s  t o  a l l o w  any v a r i a t i o n  t o  b e  t r i e d .  

A b e t t e r  implementat ion cou ld  r educe  t h i s  t o  a p p r o x i m a t e l y .  22 16-b i t  

i n t e g e r s  and 9 32-bi t  f l o a t i n g  p o i n t  v a l u e s  p e r  4-sided ‘polygon.) 



A major  problem w i t h  a l g o r i t h m  CROSS i s  due t o  t h e  f a c t  thaL i t  docs u s e  

t h e  c o n n e c t i v i t y  i n f o r m a t i o n  ef f e c t i v c l y .  Once a n  e r r o r  i n  v i s i b i l i t y  i.., 

made, T h i s  c a u s e s  p a r t i c u l a r  problem:; 

i f  two ver t ices  are p l a c e d  i n  t h e  same p h y s i c a l  l o c a t i o n ,  or close enough 

t h a t  round-off e r r o r  w i l l  t a k e  i t s  t o l l .  I f  t h e  a l g o r i t h m  i s  t o l d  t h a t  two 

i t  can p r o p a g a t e  th rough  t h e  f i g u r e .  

p o i n t s  are  t h e  same, t h e  c o n n e c t i v i t y  and s l o p e s  of t h e  polygons can  be used 

t o  d e t e r m i n e  v i s i b i l i t y ,  o t h e r w i s e  a s i m p l e  d e p t h  c a l c u l a t i o n  m u s t  h e  made, 

and round-off e r r o r s  cou ld  y i e l d  t h e  wrong conclusicm. D i s c a r d i n g  very 

small  polygons h e l p s  w i t h  t h i s  problem. T h e  a l t e r n a t i v e  i s  t o  c o a l e s c e  very 

close p o i n t s  and g i v e  them t h e  same 'name' i n  t h e  d a t a  s t r u c t u r e .  
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CHANNEL PICTURE 
M u l t / D i v  A d d i t i o n s  A 1  go r i  thm Nemo r y  Tests 

STACK 53983 
CROSS 14471 
Bouknight  50175 
Romney 52290 
I J a t k i n s  85641 

27701 
3882 
16534 
13388 
64385 

5 50 5352 
377 2922 
10008 14142 
1114 5248 
15537 3581 7 

CONE PICTURE 

STACK 259686 
CROSS 79723 
Aouknigh t 242524 
Romney 261167 
I Ja tk ins  345671 

131112 
2 26 80 
85682 
91  720 
262095 

9783 23752 
5639 8753 
48787 61471 
36233 4891 7 
54599 130615 

CYLINDER PICTURE 

STACK 298237 
c r,o s s 06229 
Bo 11 kn i,g h t 2 7 3 64 8 
Romney 291893 
Watkins  382588 

156147 
22090 
95543 
99956 
308619 

7 767 23913 
4000 11950 
55295 7 1  173 
36569 52447 
72607 169599 

STACK 70503 
CF.0 s s 26415 
Boukn igh t  7 1 7 8 7  
Romney 75012 
Watkins  121989 

36788 
7032 
23949 
22320 
97624 

1239 5459 
713 4820 
14501 13249 
4979 10055 
24431 56155 

AIRCRAFT PICTURE 

STACK 266557 
CROSS 115515 
Bouknight  244 130 
Romney 260708 
Watkins  358353 

131252 
31429 
89343 
93903 
252930 

13180 25672 
7 506 12489 
44976 55756 
32666 43446 
56236 130254 

SQUARXS PLCTURE 

STACK 41041 
CROSS 13996 
Bouknight  39599 
Romney 43354 
Glatkins 108840 

19712 
5014 
12921 
11753 
89533 

263 ' 3816 
223 3207 
5963 9431 
72 3 4191 
30710 67078 

TABLE 2. 
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